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The Lawrence Berkeley Lab, a US Department of Energy facility managed by the University of California, has a 
strong involvement with compound semiconductors. Recent achievements include uncovering the secrets 
behind nitrogen’s influence on GalnAs and using an electron microscope to resolve nitrogen atoms in the 
presence of gallium atoms in GaN. 
T he search for more efficient solar cells has recently fo- cused on incorporating 
small amounts of N into GaInAs. N 
atoms have a small ionic radius; 
usually, the incorporation of small- 
er atoms into a semiconductor al- 
loy causes the material’s band gap 
to increase: In striking contrast, 
adding even a little N to GaInAs 
decreases its band gap dramatical- 
ly, an effect of great significance for 
the design of advanced solar cells. 
This surprising behaviour has 
now been explained by Berkeley 
scientists, working with colleagues 
at the National Renewable Energy 
Laboratory (NREL).They found that 
N forms a narrow energy band in 
GaInAs that splits the alloy’s con- 
duction band in two.The subbands 
push each other apart, with the 
lower subband reducing the funda- 
mental band gap.The work is funda- 
mental to the understanding of 
semiconductor alloys and may sug- 
gest new approaches to the fabrica- 
tion of highly efficient solar cells. 
One of the reason today’s solar 
cells are not very efficient is that 
no one material can respond to the 
wide range of frequencies of sun- 
light, a fact that has prompted 
NREL to design a cell made from 
thin layers of different alloys, with 
different band gaps sensitive to dif- 
ferent photon energies in the solar 
spectrum. By depositing thin layers 
of GaInP with a band gap of 1.8 
eV on layers of GaAs with a band 
gap of 1.4 eV, NREL investigators 
created a tandem solar cell with 
proven 30% efficiency - compared 
to efficiencies of 10 to 16% typical 
of silicon. While too expensive for 
routine use, the tandem cell has 
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found a market in solar panels for 
communications satellites and oth- 
er spacecraft. 
NRBL researchers now want to 
add a third semiconductor layer to 
the cell, with an even lower band 
gap responsive to lower energy 
photons in sunlight. They estimate 
that a layer with a 1 eV band gap 
could increase such a cell’s efft- 
ciency to 40%. 
“They need a new material with 
a 1 eV band gap and a crystal lat- 
tice structure that matches that of 
GaAs, so the layers can be grown 
next to each other,” says Wladek 
Walukiewicz of Berkeley Lab’s 
Materials Sciences Division (MSD). 
“They found that by adding just a 
little N to GaInAs, they could 
achieve the desired band gap and 
an almost perfect lattice match.” 
This posed the question, “why 
should adding just a little N signifi- 
cantly reduce the bandgap of galli- 
um indium arsenide?” Walukiewicz 
and his colleagues Wei Shan, Joel 
Ager, and Eugene Haller set out to 
solve the mystery. 
“Data from other semiconduc- 
tors with low concentrations of N 
had indicated that N produces a lo- 
calized, narrow band of its own,’ 
Wahtkiewicz says. “N is different 
from As and the other elements in 
these alloys, it doesn’t mix - it 
keeps its own identity.” The re- 
searchers calculated that in 
GaInAs, this N band should lie a 
few tenths of an eV above the low- 
est energy of the conduction band. 
They predicted that the pres 
ence of the N level would split the 
conduction band in two. Thus, 
while the band gap to the conduc- 
tion band’s lower part was re- 
duced to 1 eV, “there is also an up- 
per conduction band, and we 
needed to fmd it and characterize 
its behaviour to prove our model.” 
On a substrate of GaAs the re- 
searchers grew samples of GaInAs 
with varying small concentrations 
of N. The samples, 200 urn square 
and less than 5 ~tn-t hick, were ex- 
amined with modulated beams of 
light as the samples were squeezed 
in a diamond anvil cell to many 
thousands of times atmospheric 
pressure. Different colours of mod- 
ulated light revealed the unmistak- 
able signature of two conduction 
bands; in agreement with 
Walukiewicz’s model, the conduc- 
tion bands initially moved closer 
and then grew farther apart as the 
pressure was gradually increased. 
The observation of this repulsive 
‘anticrossing’, a well-known quan- 
tum mechanical effect, confirmed 
the model. 
The model also explains why 
GaInAs with N has so far proved 
disappointing in solar cells. “The 
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Figure 1. The conduction band in GalnAs is 
split by a narrow energy band formed when 
a small amount of N is added to the alloy 
0961-l 290/99/$ - see front matter 0 1999 
Elsevier Science Ltd. All rights reserved. 
Inside Berkeley 
flat curvature of the lower band is 
not good news for electron mobili- 
ty,” says WalukiewiczAs charge car- 
riers, the electrons are short-lived 
and tend to recombine with holes 
before they have travelled far 
enough to contribute to the solar 
cell’s output of electric current. 
“We are now working to see if the 
split-band structure affects carrier 
mobility in a basic way, or if there 
are approaches that might improve 
the situation.” 
One approach might be to in- 
crease the amount of N to as much 
as 10% of the alloy through 
ion-beam implantation, although 
atomic nitrogen is hard to get be- 
cause of the strength of its molecu- 
lar bondsAnother approach might 
be to substitute different small-ion- 
ic-radius atoms, such as boron, for 
N. It might also be possible to im- 
prove the quality of the alloy 
through novel growth techniques, 
or through annealing or some oth- 
er process that might reduce the 
number of crystal defects which 
can trap and recombine charges. 
Meanwhile, GaInAs with N 
holds promise for other applica- 
tions besides solar cells, such as in 
fibre optics, detectors, and LEDs. 
The theoretical and observational 
studies of its completely new con- 
duction-band structure open a 
new perspective on the proper- 
ties, behaviour, and possible 
applications of other highly mis- 
matched alloys as well. 
Imaging GaN 
Also at Berkeley, researchers have 
been using the One-Angstrom 
Microscope (O&I) at the National 
Center for Electron Microscopy 
(NCEM) to resolve N atoms in the 
presence of more massive gallium 
atoms in GaN in columns spaced 
only 1.13 A apart. Moreover, they 
have made unprecedented images 
of columns of carbon atoms in a di- 
amond lattice, only 0.89 A apart. 
“The ability to make images of 
light elements such as C, N, and 0 
in solids at atomic resolution is a 
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Figure 2. Reconstruction of the phase of the electron exit wave of the 3C/2H GaN interface 
from a focal series of 20 images obtained on the O/!M. Ga and N sub-lattices are clearly 
resolved at a separation of 1.13 A, and are distinguished by different contrast at the (darker) 
Ga and (lighted-N sites. 
very big step forward,” says 
Christian Kisielowski of the MSD. 
“Seeing small atoms at atomic 
resolution has always been a chal- 
lenge, because they don’t strongly 
scatter the electrons in the micro- 
scope’s beam,” says Kisielowski’s 
colleague, Michael O’Keefe. “When 
the light atoms are close to heavy 
ones, it has been virtually impossi- 
ble to resolve them. Heavy atoms 
scatter electrons much more, and 
as a result the interference pattern 
is just too complex to resolve.” 
- the limit to which it produces 
phase-scrambled information - lies 
well beyond its traditionally de- 
fined nominal resolution, with all 
the transferred information in 
phase,” he explains. “By combining 
information from many images, a 
single image with resolution ap- 
proaching the information limit 
can be achieved in practice.” 
The O&M overcomes this diff- 
culty by making a through-focal se- 
ries of images - in the case of GaN 
20 different images, each with the 
scattered electrons interfering 
with different relative phases - and 
then uses computer processing to 
unscramble the electron waves 
and combine them into a single 
high-resolution image in which all 
electrons are in phase. 
Through-focus methods de- 
pend upon transmission beams 
having all their electrons at nearly 
the same energy and it was not un- 
til the early 1990s that field-emis- 
sion beam sources become stable 
enough for reliable operation. 
The O&V had its genesis in the 
early 1990s when O’Keefe pro- 
posed a way to computer-process 
through-focus images to achieve 
higher resolution from a medium- 
voltage microscope, an approach 
first suggested in the late 1960s. 
“Such a microscope can be de- 
signed so that its ‘information limit’ 
Having broken the 1 A barrier, 
the Berkeley team are looking for 
further advances.“We aim to inves- 
tigate materials with even shorter 
bond lengths with the present in- 
formation limit,” Kisielowski says. 
“We want to have procedures in 
place that work reliably and fast to 
make the experiments available to 
our user community.” 
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